Introduction
Biological structures are constructed under ambient conditions from common materials, yet they often exhibit superior performance achieved through the complex hierarchical utilization of composition and architecture. In particular, materials such as bone, shells and tooth enamel are composite structures of ceramics and organic polymers and have high strength and toughness. The design principles found in these materials present promising opportunities for the development of new nature-inspired materials [1] [2] [3] [4] .
A well-known example is nacre, which forms the iridescent inner surface of certain molluscan shells; it is commonly called the 'mother of pearl' and is traditionally used for ornamentation. Apart from decorative usage, the structure of nacre has been studied for many decades owing to its excellent mechanical properties. The basic structure is a two-phase composite material, with polygonal platelets of aragonite (a polymorph of CaCO 3 ) within layers of an organic polymer matrix. In its natural environment, the main role of nacre is to keep the shell from breaking catastrophically by absorbing fracture energy during attacks by predators [1, 5] ; remarkably, the work of fracture has been reported to be up to three orders of magnitude greater than the pure mineral, despite being almost 95% aragonite by volume [5] .
The excellent bulk mechanical performance of nacre in seashells has been well reported in the literature and is attributed to the combination of hard minerals and soft biopolymers in the structure of nacre [6] [7] [8] [9] [10] [11] [12] . Compared with other seashells such as conch and clam shells that can have several hierarchical orders of structure [13] [14] [15] , nacre has a relatively low-order structure, which has made it a more attractive material to study the fundamental structural principles of biological materials.
In this article, we review the nacre structure, deformation mechanisms and toughening mechanism, as well as materials designed to mimic nacre and their fabrication methods; we also outline directions for further research. We first introduce the well-studied basic structure, together with brief discussions on biomineralization, nanostructures and the organic matrix, to describe the formation of structures in shells. The bulk of this article is devoted to current research on the mechanical behavior of nacre, followed by a review of methods for fabricating synthetic materials which have been inspired by nacre.
Nacre structure

Hierarchical architecture
The photographs in figure 1 show the shell of the abalone Haliotis gigantea, with nacre on the inner surface. This figure also illustrates the characteristic composite 'brick and mortar' structure of nacre [1, [5] [6] [7] . It consists predominantly (over 95% by volume) of uniformly oriented, ordered layers of aragonite-rich platelets separated by a thin organic polymer matrix. Single platelets are approximately 5 µm wide and 200-900 nm thick and are uniformly aligned along the vertical c-axis [001] direction. The organic sheets between the platelets have an insoluble chitin sheet sandwiched by soluble proteins [16, 17] , which controls the biomineralization process as described in section 2.2.
Some studies have focused on the internal structure of the platelets, which can provide details of the biomineralization processes and mechanical behavior. Nanoscale structures within individual platelets were reported in the 1960s with transmission electron microscopy (TEM) observation of aragonite nanoparticles called 'blocks' surrounded by an 'intracrystalline' matrix [18, 19] . More recently, aragonite nanoparticles (called 'nanograins') surrounded by organic material within individual nacre platelets were observed using scanning electron microscopy (SEM), atomic force microscopy (AFM) and TEM [20] [21] [22] [23] [24] [25] [26] [27] (figure 1). While the nacre platelets consist of nanostructures, TEM diffraction patterns reported in the literature generally showed uniform crystal orientation within the nacre layers. This led to the common belief that the platelet structure was a single crystal rather than a group of similarly oriented crystals. This unusual phenomenon was described as the pseudo-single-crystal effect [28] .
Biomineralization
The biomineralization process involved in nacre formation has also been well reported. Amorphous CaCO 3 is the precursor material, and biomolecules in the organic matrix control the nucleation and arrangement of aragonite particles, which are then constructed into the uniformly oriented platelets of the nacre structure [3, 16, [29] [30] [31] [32] [33] [34] [35] [36] . This process is repeated many times, as thousands of these layers are typically formed over the life cycle of the mollusc to make up the millimeter-order thickness of the shell. Exploring these processes is a significant part of research into nature-inspired materials, since they involve important concepts on how the hierarchical structures are built within the shell. Figure 2 illustrates the growth of columnar nacre, which occurs, for example, in abalone shells. The extrapallial space between the outer epithelium of the animal and the shell inner surface contains proteins and amorphous CaCO 3 precursor [30] . Initially, the animal deposits organic sheets consisting of protein and chitin layers [16, 17] to form a template, upon which aragonite crystals sequentially nucleate and grow from the colloidal amorphous CaCO 3 precursor [29, 37] via the assembly of nanoparticles [20] . Subsequent layers form within the organic sheets, initiating from the one below via mineral bridges, growing to full thickness and then expanding laterally. Hence the growth surface is made of many conical structures. The preferential growth in the c-axis [001] direction and uniform crystallographic orientation are reportedly controlled by charge interactions and specific proteins [16, 20, 29, [38] [39] [40] [41] [42] [43] [44] .
Recent studies on the growth of larval shells have provided additional information on the shell biomineralization. The larval shells were found to consist of a series of different aragonite and organic structures with distinct crystal orientations, much like mature shell structures. This result demonstrates that ordered structures begin to form in the early life stage [37, 45, 46] .
Organic material
The organic layer of nacre has been investigated using various methods such as x-ray diffraction (XRD), AFM and TEM. It has a laminar structure consisting of a fibrous chitin core [16, 17, 35, 47, 48] between layers of macromolecules. The outer layers contain proteins that are important in biomineralization, controlling the nucleation and growth of aragonite [29-33, 49, 50] .
The proteins have modular structures [51] resembling the silks of spiders and silkworm cocoons, as revealed by electron diffraction [52] and amino acid sequencing [53] . In both types of silk, the fundamental protein structures with modular repeating hydrophilic or hydrophobic domains adopt various conformations depending on the presence of water [54] [55] [56] ; these structures account for mechanical characteristics such as strength, elasticity and toughness [57] [58] [59] [60] . The presence of water has been detected in the nacre matrix using Fourier transform infrared spectroscopy [21] .
Proteins have been identified that bind to chitin or control the nucleation and growth of the aragonite on organic sheets [61] [62] [63] . A recent analysis of green sheets in growth lines (see section 2.4) has shown that these sheets are made of proteins and polysaccharides with a chitin core, similar to the nacre matrix structure. One side of the sheet is thought to provide adhesion to the formed aragonite shell, while the other plays a role in further shell growth [45] .
Growth lines
Growth lines are a distinct structure that occurs periodically within the shell between the nacre regions. These layers have been given various terms in the literature, such as 'mesolayers' or 'heterolayers', and studies of their structures revealed aragonite and organic material, but with a different morphology from that of nacre. The different growth layers observed in the shell structure of abalone are illustrated in figure 3 . The outer layer of the shell is made of prismatic calcite, while the bulk of the shell consists of nacreous aragonite. Also observed at irregular intervals are growth lines, made up of block-like aragonite, organic layers and spherulitic aragonite. The sequence of the formation of growth lines is well reported; it involves complex control of the architecture including the crystal structure and morphologies of aragonite in the shell [29, 34, 37, 45, 46, 64, 65] . First, nacre growth is interrupted by the appearance of prismatic or block-like aragonite structures, followed by a layer of granular aragonite. An organic green sheet then forms that prepares for further nacre growth. A layer of spherulitic aragonite is deposited next, from which nacreous aragonite is nucleated. The crystal orientation of the aragonite layers is uniform, demonstrating that their formation is closely controlled [34, 45, 64] . Growth lines are important for the study of biomineralization processes, as they are transition structures during shell growth [66] . Although when and why they occur are still not completely understood, endogenous processes as well as diet and environmental factors are thought to influence the formation of growth lines [34, 39, [67] [68] [69] [70] [71] [72] .
Deformation and fracture behavior
The foundation of studies of the macroscopic mechanical properties of nacre was established by Currey in the 1970s. Since then, properties such as tensile strength, bending strength, Young's modulus and fracture toughness have been reported, as summarized in table 1 [5, 6, [73] [74] [75] [76] . Although their individual values are lower than those of engineering ceramics, the balance of strength and toughness in nacre is comparable to that of metals and polymers. No artificial material has achieved a comparable level of overall performance with a ceramic composition approaching 95 vol.% [77] [78] [79] . Current artificial ceramics composites usually sacrifice the intrinsic high strength and stiffness of ceramics in order to reduce brittleness. Understanding the mechanism underlying the good balance of properties in nacre will help in developing a new design concept of composite materials combining toughness, strength, stiffness and hardness. Figure 4 shows a typical example of the stress-strain curve in a tensile test of nacre. Nacre has a different mechanical response depending on its hydration condition. Hydrated nacre deforms elastically at first, followed by continuous yielding at ∼50 MPa, and then shows 'work hardening' behavior like that of metals, with a tensile strength of ∼100 MPa and a total elongation of over 1%. Observation of the specimen during loading reveals 'whitening' of the surface after the yielding, as is observed in polymers under deformation, spreading over the specimen. Microscopic observation suggests that the color change can be attributed to the accumulation of pull-out of the platelets ( figure 4(b) ). The fracture surface shows that fracture occurs at the boundaries of the platelets, as a result of pull-out (figure 4(c)). Thus the deformation and fracture mechanism of the nacre in tension is as follows (see the illustration in figure 4(a)): the platelets are interlocked firmly during the linear deformation and then start to slide along the interface between the platelets at the yielding point. The sliding proceeds with loading that results in the macroscopic elongation of nacre. Finally, the platelets are pulled out completely, causing a macroscopic fracture.
Deformation behavior
To affect such a gradual pull-out and macroscopic work hardening behavior, the interface sliding resistance must increase as the sliding proceeds; otherwise, only the weakest interface which slides first will be pulled out, and the accumulation of the pull-out cannot occur. As the frictional resistance at a sliding interface becomes larger than the resistance for another interface, the sliding interface stops and the other interface starts to slide instead. This mechanism causes macroscopic work hardening, and more and more load is needed for further deformation. This mechanism is unique as in conventional laminar composites, the sliding resistance decreases monotonically due to the decrease of contact area by pull-out and the decrease of frictional coefficient by wear.
Dried nacre is quite brittle. It shows linear deformation almost up to the maximum stress of ∼150 MPa with little yielding and then fractures catastrophically. The apparent fracture behavior is similar to that of ceramics, but the fracture surface shows that the fracture is not the unstable crack propagation through the platelets from a defect, but rather the pull-out of the platelets, as in hydrated nacre. Thus the substantial fracture of the dried nacre is a consequence of abrupt unlocking of the platelets at the maximum load after firm interlocking during the linear deformation ( figure 4(a) ).
The mechanism of the local sliding at the interface is not yet fully understood. Several origins of the interlocking and frictional resistance have been reported (figure 5), including nanoasperity on the platelet surface [8, 9, 80] , mineral bridging [38, [80] [81] [82] [83] and waviness of the platelet [73, 80, 83, 84] . Nanoasperity and mineral bridging may be effective at the initial interlocking and may also generate some frictional resistance during the sliding. However, these mechanisms by themselves cannot account for an interface where the sliding resistance increases as the sliding proceeds. Some researchers ascribe this situation to the variation of individual platelets, i.e. waviness of the platelet surface. When the edges of the platelets are thickened and interlocked with each other (figure 5(c)), the load for pulling out the platelet would increase as the pull-out proceeds. Simulation studies show that this hypothesis can explain the actual deformation behavior of nacre. Recently, local stress distribution in a single platelet during loading was measured. The result indicates that high stress is concentrated at the curved boundaries of the platelets, showing the locking effect caused by the waviness [85] .
The morphology of the interface alone cannot explain the dependence of the mechanical response of nacre on its hydrated condition, however. The organic phase between the platelets is believed to play an important role in controlling the interface sliding behavior. The gel-like organic phase is susceptible to water content, as mentioned in section 3.2.2, so the interface properties are changed with nacre's hydrated condition, thereby affecting the macroscopic mechanical response of the nacre. The hydrated organic phase acts as a lubricant at the interface and controls interface shear sliding [5, 9, 73, 74] . When the organic phase is dehydrated, it stiffens and loses flexibility and fluidity [73, 74] . This results in strong bonding of the interface that brings about higher macroscopic strengthening but causes brittleness.
Toughening mechanism
The most attractive characteristic of nacre, extremely high toughness, has been investigated by many researchers. The toughening of shells is attributed to at least ten mechanisms [1] and most of them are applicable to nacre. Mechanisms acting at the submicrometer scale within the brick and mortar structure were reported by the 1990s, and since the work of Smith et al in 1999 [86] , there have been many studies of the toughening mechanism on the nanoscopic level. Most of them only mention the qualitative phenomena with little discussion of quantitative findings and reference to macroscopic behavior. Recent works confirm that the main mechanism contributing to significant toughening of nacre is energy-dissipating sliding of the platelets at the submicrometer scale [73, 74, 83] . Nano-order mechanisms are, however, important in controlling the platelet sliding behavior. Here the mechanisms are classified according to the components involved and the dimensions at which the mechanism operates, as summarized in table 2 and figure 6.
Submicrometer interaction of platelets.
Mechanisms categorized in group 1 in table 2 [5, 6, 8-12, 73-76, 80-85, 87, 88] are well known in conventional laminar composites and fiber-reinforced composites; these microfracture-accumulating mechanisms occur at two orders of magnitude lower in nacre compared with artificial composites. For example, in laminar composites, when the layer thickness is decreased 100 times, a hundredfold increase in the interface is introduced within the material. This is a great advantage in accumulating microcracks, delamination Figure 6 . Hierarchical toughening mechanism of nacre. Toughening can be classified according to the operating dimension, from an inter-platelet mechanism operating at the submicrometer scale, to an intra-platelet mechanism of the order of several tens of nanometers, down to individual organic molecules (nm scale).
and crack deflection as well as energy dissipation during platelet sliding mentioned below. The advantages of segmented, i.e. brick and mortar structure over the continuous layer structure have been demonstrated in a large-scale model composite [89] . Figure 7 shows the single-edged notch specimen of a hydrated nacre sample in tension. A color change area has formed at the notch tip and spread through the ligament, indicating that the stress intensity at the notch tip causes multiple pull-out actions of the platelet [9, 74] . The pull-out results in yielding and work hardening behavior, as described in section 3.1, so this 'damage zone' can behave as a yielding zone in metals or a 'whitening zone' in polymers that relaxes the stress concentration and dissipates the energy for crack propagation. Nacre exhibits 'R-curve' behavior, i.e. increased crack growth resistance with crack extension. The energy dissipation in the damage zone is estimated at 750 J m −2 , using the displacement distribution in the damage zone and the corresponding sliding resistance to the measured displacement [74] . The value agrees well with the value measured by the fracture test, 1200 J m −2 , suggesting that interlocking and accumulative pull-out of the platelets is the dominant toughening mechanism.
Dried nacre exhibits brittle fracture and has attracted less attention than hydrated nacre. It has a that the primary mechanism of the dried nacre is the platelet interlocking [76] . This mechanism may provide a simpler and more practical composite design principle than the complex multistage mechanisms of the hydrated nacre.
Energy-dissipating mechanism of the organic phase.
The mechanisms listed in group 2 in table 2 are related to the unique organic phase of nacre [5, 6, 8-12, 84, 86-88, 91] . The organic phase itself dissipates energy by viscoelastic deformation or redistributes the stress near the crack tip. The mechanical characteristics of the matrix at the molecular level are attributed to proteins with modular structures [51, 86] . The protein mechanical behavior has been investigated using AFM [86] , in situ TEM observation [91] and steered molecular dynamics simulations [92, 93] . Figure 8 shows a schematic diagram of a saw-tooth load-displacement curve of the molecule due to unfolding of the domains which increases energy dissipation during the deformation. The unfolding behavior is affected by the presence of water that changes bonding and other molecular interactions [93] .
The mechanical properties of the organic matrix have been investigated in situ using a TEM pulling holder [91] . Figure 9 shows the corresponding TEM images where organic matrix ligaments are stretched between separating platelets and then subsequently fail and recoil. Viscoelastic reversible behavior was observed and attributed to unfolding and refolding protein domains similar to those in silkworm and spider silks. A large-scale model composite confirmed the importance of the viscoelastic and resilient phase between the platelets [89] . The deformation of the sheets of the organic matrix between growing nacre platelets was studied by nanoindentation measurements [47] . Deformation strengthening of the stretched organic strand in bending has also been reported [94] , confirming the energy dissipation by the modular structure in the macromolecule.
Nanostructural toughening mechanisms.
The platelet has been considered as a single crystal in the discussions of the toughening mechanism because the crystal orientation of nacre as a whole has been generally observed as being uniform; however, nacre is composed of nanograins, as described in section 2.1. To understand the macroscopic mechanical properties of nacre it is adequate to treat platelets as single crystals because the fracture occurs at the boundaries of the platelets, leaving the platelets intact in macroscopic mechanical tests. However, fracture resistance against compressive local loading such as indentation and drilling, which are likely to be induced in the natural habitat by predators, has not been understood. Considering that biological structures are constructed bottom-up following a hierarchical architecture [11, 22, 95] , further study of the nanoscale behavior remains a key step in understanding the bulk mechanical properties. AFM has been used in conjunction with nanoindentation of single platelets to show ductility and viscoelastic behavior, suggesting deformation by the interaction of nanograins and organic material [21, 23, 25] . In situ tension and bending tests revealed rotation and deformation of nanograins [96] . Deformation induced within single platelets using ultramicrotomy or micro-indentation was investigated by TEM [97] . The platelets sheared during ultramicrotomy showed deformation; toughening mechanisms such as nanograin separation and shear, and bridging by organic material within the platelets (figure 10), are thought to contribute to overall damage tolerance of nacre.
Effect of hierarchical structure.
Hierarchical structures responsible for mechanical protection of shells occur at various scales. In the largest dimension (from millimeters down to tens of micrometers), the whole shell itself has a hybrid structure constructed from several layers, such as prismatic, cross-lamellar, foliated and nacreous layers. Each layer has a different role against external mechanical actions, e.g. a columnar layer providing a hard protective layer on the outer side of the shell and nacre providing a tough structural component on the inner side [78, 98] . In the smaller dimension (from tens of micrometers down to nanometers), the cross-lamellar layer consists of three or four order lamella [90, [99] [100] [101] , which provide damage tolerance behavior by accumulating multi-scale fractures.
Nacre also exhibits hierarchical toughening mechanisms at submicrometer to nanometer scales. Nanoscale mechanisms by the interaction of nanograins and organic phase in the platelet can cause resistance against crack initiation induced by local damage. The laminar structure of the platelet prevents crack propagation by deflection at the crack tip; it also provides mechanisms of energy dissipation and stress redistribution in front of the crack by multiple pull-out behavior. The energy dissipation mechanism at the sliding interface involves a structural change at the macromolecular level within the organic phase. Thus, multi-scale mechanisms operate in stages according to various magnitudes and types of loading. Quantitative studies of the effect of each mechanism are being carried out; however, mechanical conditions for activating each mechanism and their synergistic effect are not still fully understood.
Multilayer composites inspired by nacre and their mechanical properties
Although the toughening mechanism of nacre is not yet fully understood, nanolaminar composites inspired by nacre have been fabricated in a variety of ways [102] [103] [104] [105] . In this section, we briefly introduce the classification and principles of the fabrication methods and provide typical examples, paying particular attention to works in which the mechanical properties of the fabricated composites have been evaluated.
Self-organized growth of minerals from solution
Methods categorized in this group are bottom-up approaches in which mineral formation is controlled in a supersaturated solution using an organic material as a template. Depending on the organic material's molecular weight, concentration, functional group, functional group density, the solution's temperature and pH, the orientation of crystal growth is accelerated or inhibited. Consequently, various shapes of the mineral such as plate, helicoid and rhombohedron can be formed. K 2 SO 4 formed by a self-assembly technique using poly(acrylic acid) has a hierarchical structure containing nanocrystals that resemble nacre's nanograins, columnar units such as nacre platelets and macroscopic crystals with various shapes [106, 107] . In another study, poly(acrylic acid) was used for the synthesis of CaCO 3 . The formation of an inorganic connection between the nanocrystals (such as 'mineral bridging' in nacre) was observed, confirming that the oriented architectures are generated from bridged nanocrystals with incorporated organic polymers [108] . A schematic diagram of the mineral-bridged nanocrystal growth controlled by the organic material is shown in figure 11 .
Self-organization techniques are often used to form a mineral film or an inorganic/organic layered film, by anchoring the organic material on a flat substrate. For example, thin-film crystals of CaCO 3 are formed on chitosan (as a solid organic matrix) coated on a glass substrate in the presence of acidic macromolecule (e.g. poly(acrylic acid), poly(aspartic acid), poly(glycolic acid)) as a soluble additive [109] . An inorganic/organic multilayer can be fabricated by repeating the process. For example, a layered polymer/CaCO 3 film was fabricated by alternating spin coating of the polysaccharides and mineralization of the CaCO 3 layer with a thickness of 0.8 µm [110] .
Self-organization methods are quite effective in forming thin, well-structured mineral crystals for electrical or optical applications. They also have the advantages of a mild processing route, using aqueous solution and popular molecules in ambient air at room temperature. Although the fabrication of bulk or film multilayer materials for use as structural components is quite difficult, some works combined self-organization and other coating techniques to obtain multilayers with submicrometer-thick layers in which a smaller nanoparticle structure is built, as introduced below [111] [112] [113] . The spontaneous formation of a hierarchical structure has a great advantage over any other method. (a) Schematic diagram of sequential growth to the oriented structure via a mineral bridge. A nanocrystal is nucleated, and its growth is inhibited because of the adsorption of polymers. The growth restarts by the formation of a mineral bridge, leading to the growth of the adjacent nanocrystals. Thus the nanoscale-orientated architecture continues from nanocrystal to nanocrystal, resulting in an architecture with a specific macroscopic shape. (b) The formation of submicron-thick film is illustrated as follows: (1) acidic macromolecules are adsorbed onto the surface of the solid matrix due to the interaction of the carboxyl group of the acidic macromolecule and the hydroxy group or amino group of the matrix, (2) the macromolecule binds Ca 2+ and causes local concentration of Ca 2+ on the surface and nucleation of CaCO 3 , (3) the acidic macromolecules are adsorbed on the growing CaCO 3 and inhibit growth in the thickness direction [108, 109] .
The layer-by-layer (LBL) method
The LBL method is a bottom-up technique that involves alternately immersing a substrate into two solutions of oppositely charged electrolytes. The method was applied to nanostructured organic-inorganic films using anionic montmorillonite (MMT) clay platelets and poly(diallydimethylammonium) chloride (PDDA) polycation [114] . Repeating the adsorption of cationic PDDA and anionic MMT clay platelets resulted in alternating coating of MMT and PDDA owing to attractive electrostatic and van der Waals interactions between them. Intercalation of the PDDA into MMT also occurred during the process, so the dimension of the layer structure was much finer than that of nacre; the typical single-layer thickness was several nanometers. Repeating the process 200 times, a freestanding multilayer with a thickness of 4.9 µm, a tensile strength of 109 MPa, an elongation of 10% and a Young's modulus of 13 GPa was obtained. The tensile behavior was like that of a polymer film rather than that of other bulk structural materials. Later, in the work by the same research group, the organic material was changed from PDDA to poly(vinyl alcohol) (PVA), which gives stronger covalent and hydrogen bonding between MMT and PVA [115] . The strength and Young's modulus were improved to 400 MPa and 106 GPa, respectively; however, the material was brittle with an elongation of 0.33%. They investigated the effect of the organic materials further, comparing PDDA with chitosan, which is one of the strongest natural polymers, and found that the mechanical properties of the MMT/chitosan composite were inferior to those of MMT/PDDA. They attributed this fact to the high rigidity of the polymer, resulting in poor interfacial adhesion with the clay [116] .
In other works, multilayers of TiO 2 and several kinds of polyelectrolytes (PEs) were fabricated by the combination of the LBL method and chemical bath deposition (CBD) [111, 112] . CBD is a kind of self-mineralization process involving nanoparticle growth. In this process, nanoparticulate structures akin to nacre's nanograin structure within the inorganic layer can be produced as well as organic/inorganic laminar structure. Positively charged PEs were adsorbed onto the negatively charged TiO 2 layer produced by CBD, and a multilayer with the same dimension as that of nacre was produced, consisting of a ∼100-nm-thick inorganic layer and a 10-nm-thick organic layer. CBD and adsorption of PEs were repeated a maximum of eight times. Mechanical properties were evaluated with indentation techniques. The evaluation showed an enhancement of fracture toughness by a factor of four in comparison with that of the single TiO 2 layer, whereas hardness and Young's modulus were preserved.
The LBL method has the advantage of easily producing thick freestanding film composites, although it requires time-consuming, repeated steps. It also has the advantages of a wide range of material selection and mild processing conditions. It can easily be combined with other film fabrication methods, but it is difficult to obtain bulk materials or materials with a high volume fraction of inorganic phase.
Electrophoretic deposition
Electrophoretic deposition is the deposition of charged nanoparticles in suspension by the application of an external electric field. In this process, charged nanoparticles are forced to migrate and are deposited onto an oppositely charged electrode. MMT/poly(amic acid) layered composite was fabricated by this method. An emulsion of poly(amic acid), which was synthesized from pyromellitic dianhydride and 4,4 -dianminodiphenyl ether (ODA), containing various loadings of ODA-modified MMT was deposited on a stainless steel electrode [117] . The ODA molecules were either intercalated into the interlayer of the silicates or adsorbed onto the surface of MMT, and thus the ordered layered assembly of the MMT/ poly(amic acid) composite films was accomplished. The composite films exhibited a tensile strength of 63.25 MPa and a Young's modulus of 3.67 GPa, with an increase of 155% in modulus and 40% in strength over the values for a pure poly(amic acid) film. MMT/polyacrylamide was also fabricated by the same research group [118] . The resulting material had a significantly high volume fraction of inorganic phase of 95.3% because an aqueous suspension of acrylamide-modified MMT without excess organic content was used for electrophoretic deposition. The film combined flexibility and rigidity, due to its brick and mortar structure, and had a hardness of 0.95 GPa and a modulus of 16.9 GPa as measured by the nanoindentation test. In another work, MMT was hydrothermally intercalated with acrylic anodic electrophoretic resin (AAER) and deposited on the electrode [119] . It had a nanoindentation hardness of 5 GPa, showing an increase of 2.1 GPa compared to that without intercalation. In other works, gibbsite/ethoxylated trimethylolpropane triacrylate (ETPTA) with a thickness of ∼30 µm with a gibbsite volume fraction of 50% was fabricated by infiltrating ETPTA into a nanocomposite in which surface-modified gibbsite nanoplates were aligned by electrophoresis. A tensile strength of ∼57 MPa was obtained [120] .
Electrophoretic deposition can easily obtain a freestanding film with a thickness of several tens of micrometers within a few minutes' electrophoresis. Like other bottom-up approaches, it has the advantages of a wide range of material selection and mild processing conditions, but it is usually difficult to obtain bulk materials or materials with a high volume fraction of inorganic phase with this process.
Sputtering
Alternate sputtering of different materials, usually amorphous or crystallized ceramics and polymer, on a substrate results in a multilayer. Multilayers of ceramics (TiC, Si 3 Ni 4 or B 4 C) and Teflon were produced with an individual layer thickness of several tens of nanometers, and their mechanical properties were evaluated using Vickers indentation [121] .
Multilayer ceramics composed of fully crystalline alternate Al 2 O 3 and TiO 2 layers with an individual layer thickness of ∼65-70 nm were fabricated by reactive pulse magnetron sputtering [122] . The multilayer ceramics was composed of columnar grains and elongated voids with their longitudinal axes parallel to the deposition direction. Spherical indentation was done on the multilayer; cross-sectional observation of the area below the indentation revealed that the layers near the surface endured a localized bending without breaking (figures 12(a) and (b)). This damage tolerance behavior was attributed to reorientation/relocation of the columnar grains via grain boundary sliding within the layers, analogous to the nanograins' behavior in nacre [91, 96] (figures 12(c) and (d)). These results confirmed the microscopic non-brittle fracture upon localized loading in multilayer ceramics, occurring due to their nanoscale structure, and suggest that the organic phase (or soft phase) may not be necessary for a microdamage-tolerant behavior.
Sputtering usually needs a controlled atmosphere, and it is time consuming and expensive to form a multilayer. However, it can obtain a dense layer with a highly uniform, controlled thickness, and is an attractive method of depositing a nacre-like multilayer structure for surface protection in structural applications. In this sense, the process should be distinguished from other bottom-up techniques which usually produce polymer-based films reinforced by inorganic platelets.
Liquid coating (spin coating and dipping)
Alternate coating on a substrate is performed using a liquid suspension where ceramic flakes or ceramics sol is used for inorganic layers, and a low-viscosity resin, polymer emulsion or polymer solution provides the organic phase. Surface-modified submicrometer-thick Al 2 O 3 platelets were spread over the water surface and transferred to a glass substrate by dip coating. Then the dip-coated substrate was spin-coated with an organic layer from chitosan solution. Repetition of these steps led to multilayered inorganic-organic films with a total thickness of a few tens of micrometers [123] . The platelet fraction was 20% at maximum. The fabricated film had a tensile strength of 315 MPa, a Young's modulus of 9.6 GPa and a total elongation of 21%. The same procedure of dipping and spin coating was used to synthesize layered double hydroxides (Cu-NO 3 , Co-Al-CO 3 and Eu-Cl)/chitosan multilayers [124] . The obtained films were transparent, with a tensile strength of 160 MPa and a Young's modulus of 12.7 GPa.
Methods for bulk, ceramics-based materials
The methods introduced above all have the potential to form thin multilayers; however, they are basically suited for the fabrication of coating or film and are not suited for the fabrication of bulk materials for structural use. Even when such processes are repeated thousands of times, only a thin plate with less than 1 mm thickness can be obtained. Also, in most cases, the multilayer composites are polymer-based materials, unlike nacre, which has a high volume fraction of inorganic phase. In this section, other methodologies that attempt to fabricate bulk, inorganic-based material for structural use are summarized.
A unique technique to utilize the dendrite formation during freezing of ice as a template was proposed [125, 126] . When aqueous slurry of ceramic powder was frozen and then removed from the mixture with dendrites, a layered scaffold of ceramic powders concentrated at the spacing of the dendrites was formed. Bulk layered materials can be obtained by infiltrating the space of the scaffold, i.e. the site where the dendrites existed originally. Al 2 O 3 /Al-Si [125] and Al 2 O 3 /polymethyl methacrylate (PMMA) [126] composites were fabricated using this method. Al 2 O 3 /Al-Si showed a nonlinear load-displacement curve in a bending test and had a critical stress intensity factor of 10 MPa m −1/2 . The work also demonstrated the superiority of the segmented brick and mortar structure over the continuous layer structure [126] .
Several works utilized flake ceramics powder or layered clay as a reinforcing inorganic platelet material and mixed it with matrix using a variety of ways of aligning the inorganic platelets [127] [128] [129] [130] [131] . Thin Al 2 O 3 flake powder was aligned by slip casting and then hot-pressed in an epoxy matrix, yielding a flake volume fraction of 60% [127] . The fabricated material showed inelastic fracture behavior in a bending test rather than brittle fracture. In another work using the Al 2 O 3 flake powder, the powder was trapped in gel, aligned during drying and then hot-pressed [128] . The composites with platelet volume fractions up to 50% were fabricated. The maximal achieved yield strength and elastic modulus of the composites were 82% and 13 times higher, respectively, than the values of the polymer alone.
Glass flake powder coated with ductile metal was aligned by a roller using a 3D printing machine to form a green sample and then hot-pressed [129] . The coating layer became the matrix phase between the flake powders after hot-pressing; a well-organized brick and mortar structure with a high flake volume fraction of 87% was obtained. The material showed crack propagation resistance by interface delamination, crack deflection, platelet bridging and pull-out in indentation and bending tests. Those mechanisms brought a work of fracture of 300 J m −2 , which is two orders larger than that of monolithic glass.
An attempt to align talc tablets by centrifugation, shearing, sedimentation, dipping and other processes was made, and the effect of these aligning processes on the resultant structure was assessed by XRD, SEM and bending tests [130] . The results indicated that physical methods inducing shear to the tablet suspension enhanced the alignment. Recently, another study was carried out to determine how to align the platelet powder by testing three aligning methods of paper making, using a doctor blade and simple painting using PVA-coated MMT, and the results showed the importance of alignment as well as cross-linking agents in the organic matrix phase [131] .
Summary
Understanding of the deformation and toughening mechanisms has advanced significantly in the past decade, supported by the spread of nanoscale measurement and observation tools. Although some important details remain unknown, the principal guidelines for the design of new composites can be summarized as follows:
1. Segmented brick and mortar structure. 2. Control of sliding resistance at the interface between the laminar platelets: appropriate shear strength that allows crack deflection and the following interface sliding without breaking the platelets; sliding shear stress that increases with the progress of the sliding. 3. Hierarchical architecture ranging from the nanometer to the micrometer order.
The effectiveness of the segmented structure and the importance of controlling the interface were recognized in composite design for a long time; however, we note that the idea of an interface becoming increasingly resistant to slide did not exist in conventional design concepts to the best of our knowledge. When we adopt the wisdom of nature, we should note the importance of 're-designing'. Nacre realizes a unique interface by a combination of the organic matrix material and the surface morphology of inorganic platelets; however, this combination may not need to be faithfully copied. It is essential to reproduce its function, e.g. the function of the interface to increase the sliding resistance, rather than just copy the structure (such a copy would be impractical, inefficient and expensive). Revealing the principles of mechanisms and re-designing them to suit our current technology are important subjects for engineering.
Individual mechanical properties of nacre are not exceptional; they can be exceeded by the use of advanced engineering ceramics and polymers as component materials even when they are simply laminated without constructing the complicated architecture of nacre. However, we are still far from being able to reproduce the complex combination of mechanisms found in nacre. Continuing improvements in both technical approaches and the refinement of re-design concepts are expected to lead to the fusion of advanced engineering and the wisdom of nature present in nacre.
